been developed using the Vero cell culture system [1] .
The cells used for viral vaccine production are anchorage dependent and thus, processes involving these cells cannot easily be scaled up because there is a need for anchorage space and trypsinization. This has led to the development of immortal and stable cell lines with the capability of growth in suspension [4] . In recent studies, researchers have succeeded in growing Vero cells on micro-carriers for preparing suspension cultures of these cells [5, 6] . Rourou et al. [6] reported that suspension cultivation of agitated Vero cell cultures promoted measles and rabies virus production from these cells. In addition, Shen et al. [7] showed that suspension-adapted Vero cells cultivated without microcarriers produced higher amounts of vesicular stomatitis virus (VSV) than adherent Vero cells. However, some hurdles associated with Vero cells, such as longer cell doubling time and low cell viability, still remain to be addressed via the formulation of appropriate adaptation processes.
Conventional cell cultures to produce viral vaccine strain use animal-derived components such as serum, trypsin, lactalbumin, etc. [6] . The usage of serum is not preferred due to its high cost and lot-to-lot variation [8] . In addition, viral, bacterial, and fungal contamination of bovine serum is one of the major concerns associated with the manufacture of cell culture-based vaccines. Therefore, optimization of cell culture system without serum is mandatory for the production of viral vaccine strains [4] . Several studies have attempted to develop a serum-free production platform for virus propagation [4, 9] . In a previous study, MDCK cells cultured in serumfree EX-Cell MDCK produced higher amounts of influenza virus than those cultured in serum-containing Glasgow's Minimum Esssential Medium [10] . Furthermore, Vero cell culture in serum-free medium has been also explored to produce many viral vaccine strains [11, 12] .
In this study, we attempted to promote the adaptation of Vero cells in a shaking suspension culture system and determined which culture media is optimal for culturing Vero cells without serum. The Vero cells successfully adapted to the suspension culture system and produced a higher amount of adenoviruses compared to conventional adhesive culture of Vero cells.
Materials and Methods

Cell and virus culture
Vero and FRhk-4 cells were maintained in Dulbecco's Modified Eagles Medium (DMEM, Hyclone; Thermo Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, Gaithersburg, MD, USA), 1 U/mL penicillin, and 1 μg/mL streptomycin (Gibco) under 5% CO2 conditions at 37°C. MRC-5 cells were cultured in Modified Eagle's Medium (MEM, Gibco) containing 10% FBS and 1 U/mL penicillin and 1 μg/mL streptomycin in 5% CO2 at 37°C. Adenovirus type 5 (Ad5)-green fluorescent protein (GFP) kindly provided by Prof. Jae-Hwan Nam (The Catholic University of Korea). The virus was propagated in Vero cells with DMEM containing 2% FBS.
Cultivation of cells in serum-free medium
OptiPRO SFM and VP-SFM, purchased from Gibco, are serum-free, ultra-low protein media containing no proteins, peptides, or other components of animal or human origin. Opt-MEM Reduced-Serum Medium (Gibco) is an improved MEM that allows for a reduction of FBS supplementation. UltraCULTURE Medium (Lonza, Verviers, Belgium) is a serumfree medium designed for the cultivation of a mammalian cell type supplemented with recombinant human insulin, bovine transferrin, and a purified mixture of bovine serum proteins including albumin. SFM4MegaVir (Hyclone, Logan, UT, USA) is a protein-free medium designed to increase process yields in the manufacture of viral vaccines containing no animal-derived components. A stepwise reduction of percentage of FBS was performed to adapt serum-free culture condition. Adaptation of cells was attempted in five media: Optipro, Ultraculture, SFM4MegaVir, OptiMEM, and VP-SFM. Cells were cultured under 5% CO2 conditions at 37°C. The cells were seeded in 10-cm culture dishes at a concentration of 1×10 6 cells/dish. After 72 hours of culture under 5% CO2 conditions at 37°C, total cell number was determined using a hemocytometer (Marienfeld, Lauda-Königshofen, Germany) along with 0.4% trypan blue staining, followed by subculture with 1×10 6 cells/dish, with a stepwise reduction in the percentage of conventional medium. The morphology of cells cultured in the media was evaluated based on the cell number and shape using an inverted phase-contrast microscope (DMIL-LED; Leica Microsystems, Wetzlar, Germany) at 100× magnification. 
Suspension growth of cells
Virus infection
The Ad5 virus contained the gene for GFP under control of the cytomegalovirus promoter. Virus propagation was performed with Vero cells, followed by titration with TCID50. For comparison of virus production between the adhesive and suspension culture systems, the two types of Vero cells were seeded (at a density of 1.3×10 6 cells/mL) on culture dishes or Erlenmeyer flasks and incubated for 5 hours. The cells were then infected at an multiplicity of infection of 0.1 for 5 days.
The relative amount of Ad5-GFP produced was determined by measuring fluorescence intensity using a fluorescence microplate reader (SpectraMax iD3; Molecular Devices, Salzburg, Austria).
Statistical analysis
Data are expressed as the mean±standard error of mean. Statistical analysis was performed using GraphPad Prism ver. 5.0 (GraphPad Software, San Diego, CA, USA). All p-values were assessed using the unpaired, two-tailed Student t-test (α=0.05) at the significance level of p<0.001.
Results
Optimal culture media for cultivating Vero cells in serum-free conditions
To investigate whether Vero cells could be cultured in serumfree conditions, VP-SFM, Ultraculture, OptiPRO-SFM, Opti-MEM, and SFM4MegaVir were tested in terms of the morphological changes and growth rate of Vero cells. In a reduced serum cultivation condition, Vero cells cultured in OptiPRO, SFM4MegaVir, or VP-SFM showed morphologies similar to those of Vero cells cultured in conventional culture media (DMEM containing 10% FBS) (Fig. 1A) . However, Vero cells cultured in Ultraculture or Opti-MEM showed abnormal morphology, such as cell aggregations, which is not observed in conventional culture conditions. When the serum concentration was reduced from 10% to 0%, Vero cells cultured in OptiPRO showed a decreased growth rate at the initial culture stage in 0% FBS, but their growth rate was increased and higher compared to that in conventional culture conditions (DMEM with 10% FBS) at 51 days after culture in 0% FBS (Fig.  1B) . However, the growth rates of Vero cells cultured in VP-SFM or SFM4MegaVir media were lower than that of Vero cells cultured under conventional culture conditions. Collectively, Vero cells can be cultured without morphological changes and decrease in growth rate using the OptiPRO serum-free media.
Cultivation of MRC-5 and FRhk-4 cells under serum-free conditions
We tested whether the optimal serum-free conditions for Vero cells can be applied to another vaccine strain-producing cell line, MRC-5, and control cells, i.e., FRhk-4 cells. All MRC-5 cells cultured in SFM4MegaVir Opti-Pro or VP-SFM showed abnormal cellular morphology, such as shortening of cells, compared to those cultured in conventional culture media (MEM containing 10% FBS) ( Fig. 2A) . FRhk-4 cells cultured in Opti-MEM, SFM4MegaVir, Opti-Pro, VP-SFM, or Ultraculture did not show any abnormal morphology (Fig. 2C) . Growth rate of MRC-5 cells in VP-SFM or OptiPRO serum-free medium was lower than that when the cells were cultured in conventional medium (MEM with 10% FBS), but not Opti-MEM or Ultraculture medium. However, because of cellular morphological changes, MRC-5 cells cultured in Opti-MEM or Ultraculture could not continuously reduce under 8% FBS (Fig. 2B) . FRhk-4 cells cultured in VP-SFM or Opti-MEM showed a similar growth rate comparable to that during culture in conventional culture medium (Fig. 2D) . In conclusion, optimal culture conditions for Vero cells in the absence of FBS may not be applicable for other vaccine strain-producing cells such as MRC-5 cells.
Adaptation of cells to suspension growth conditions
Then, we tried to culture Vero cells in a shaking suspension culture system. The Vero cells were cultured in a shaking culture system by adding additional Vero cells from adhesive culture for 50 days and cultured the cells without adding any more adhesive Vero cells for 130 days (Fig. 3A) . During 50 days of shaking suspension culture, the growth rate of Vero cells decreased before the addition of Vero cells cultured in adhesive conditions. However, after 50 days of suspension culture following the addition of Vero cells, the growth rate slightly in- Vero cells continuously increased before subculture (Fig. 3A) .
Since Vero cells were adapted to the shaking suspension culture system, we tested the Vero cells in terms of their ability of virus generation using Ad5-GFP as a virus generation marker. Vero cells cultured in both adhesive and shaking suspension culture showed cytopathic effects at 5 days after Ad5-GFP infection (Fig. 3B) . Suspension culture Vero cells showed a significantly higher GFP intensity (over 1.5-fold higher) than their adhesive counterparts, indicating that Vero cells cultured in shaking suspension conditions can serve as a more suitable culture system to produce viral vaccine strains efficiently, compared to the conventional culture system for Vero cells (Fig. 3C ).
Discussion
In this study, we showed that OptiPRO can be used to culture Vero cells without serum. In addition, we also achieved the adaptation of Vero cells in a shaking suspension culture system; Vero cells cultured in the suspension culture have the ability to generate viruses such as Ad5. We established a micro-carrier-free suspension culture system for Vero cells. Since suspension culture system is a much less labor-intense procedure than the adhesive culture system, several studies have attempted to culture cells producing viral vaccine strains in suspension culture systems [10] . Several studies published data to support the propagation of rabies and Japanese Encephalitis viruses in suspension culture systems [6, 13] . However, all previous studies described suspension cultures that require micro-carriers or other anchorages. Herein, we developed a Vero cell suspension culture system without using micro-carriers. Although during the early phase of culture, lower cell number and lower specific growth rate were observed, after 50 days, the total cell number and cell growth rate increased. In a previous study, Vero cells adapted to suspension growth showed a 1.5-fold efficacy for VSV propagation [14] . Another study demonstrated that suspension-adapted Vero cells produced 3-fold higher amounts of viruses than adherent Vero cells [7] . In this study, we showed that Vero cells cultured in shaking suspension culture system generated 1.5-fold higher amounts of adenovirus than the Vero cells cultured in adhesive plate.
The OptiPRO serum-free medium is free of any animal-derived components and has a low concentration of non-animal derived protein. OptiPRO is designed for several kidneyderived cell lines including MDBK, MDCK, and Vero cells. Several studies reported the application of OptiPRO for cell culture-based virus propagation [8, 15] . Here, to the best of our knowledge, we demonstrated, for the first time, the feasibility of the commercial serum-free medium OptiPRO for vaccine production using Vero cells.
However, our study has several limitations. Although we determined which serum-free condition (media) is suitable for Vero cell culture, we did not apply the culture media in shaking suspension culture system; the growth rate of Vero cells and virus productivity under such conditions are thus, still unclear. In this study, we showed that the shaking suspension system can induce higher productivity of Ad5 in Vero cells, but did not verify whether the established suspension culture system is also applicable to the production of other viruses; this should be verified in further study using various viral vaccine strains. We also did not confirm the tumorigenicity of suspension culture-adapted Vero cells because the adaptation process may change the characteristics of Vero cells. All these aspects need to be investigated and elucidated via future researches.
In conclusion, we demonstrated that Vero cell suspension culture will allow the production of high yields of viral vaccine strains with reduced production costs.
